• Background and Aims Root architecture is a primary determinant of soil resource acquisition. We hypothesized that root architectural phenes will display both positive and negative interactions with each other for soil resource capture because of competition for internal resources and functional trade-offs in soil exploration.
INTRODUCTION
Global population is projected to increase to 9.6 billion by 2050 (United Nations, Department of Social and Economic Affairs, 2013) . Agricultural production needs to increase by at least 60 % to keep up with the food demand of the increasing population. Limited access to fertilizers by smallholder farmers in developing nations and constraints on the sustainability of intensive fertilization make it imperative to develop crops and cropping systems capable of sustaining satisfactory yields with reduced fertilizer inputs. An approach towards this goal is the selection of plants with superior root phenotypes (Lynch, 2007) .
Root system architecture, the spatial arrangement of a root system, is important for anchorage in the soil (Ennos et al., 1993; Stokes et al., 1996) and for soil resource acquisition by allocating root foraging to soil domains with optimal resource availability (Lynch and Brown, 2012) . Root system architecture is composed of architectural phenes ('phene' is to 'phenotype' as 'gene' is to 'genotype' [Serebrovsky, 1925; Lynch, 2011; Pieruschka and Poorter, 2012; Lynch and Brown, 2012; York et al., 2013] ), such as number of axial roots, root growth angle (RGA) and lateral root branching density (LRBD) (Lynch, 2011; Lynch and Brown, 2012; Pieruschka and Poorter, 2012; York et al., 2013) . The combination of root phenes and phene states produces a wide variety of diverse phenotypes that differ in their ability to acquire nutrients and water and require differing investments of internal resources. The interaction of these phenes can be additive, synergistic or antagonistic (York et al., 2013) . In addition to trade-offs due to competition for internal resources, contrasting patterns in the spatiotemporal availability of nutrients lead to trade-offs in resource acquisition when more than one resource is limiting (Ho et al., 2004; Lynch and Ho, 2005) . Phenotypes that have superior performance under conditions of low phosphorus, representing immobile resources including ammonium and potassium, and low nitrate, representing mobile resources including water, are likely to co-optimize acquisition of multiple soil resources of varying mobility.
Extensive study of the common bean (Phaseolus vulgaris) root system has led to the identification of several architectural phenes that influence the acquisition of mobile and immobile resources (Bonser et al., 1996; Miller et al., 2003; Lynch and Ho, 2005; Miguel et al., 2013) . The bean root system consists of the primary root, hypocotyl-borne roots (HBRs), basal roots, and lateral roots associated with each of these root classes (Zobel, 1986; Lynch and van Beem, 1993; Lynch, 2011 ). An important feature of the bean root system is the presence of basal roots, which form a major portion of the axial root system (Miguel et al., 2013) . Basal roots emerge from distinct nodes (whorls) along the base of the hypocotyl (Basu et al., 2007) . The number of these whorls, basal root whorl number (BRWN), varies from one to four, with each whorl giving rise to up to four roots. The uppermost whorls produce roots with shallower RGAs and the lower whorls produce steeper angles (Lynch, 2011) . Basal root gravitropism is regulated by phosphorus availability and is genotype-specific (Bonser et al., 1996; Liao et al., 2001 Liao et al., , 2004 . Phenotypes with similar RGA have greater competition among roots of the same plant as well as with roots of neighbouring plants (Ge et al., 2000; Rubio et al., 2001) . However, phenotypes with greater BRWN and a greater range of growth angles enable a more dispersed root system for greater soil exploration (Basu et al., 2007; Miguel et al., 2013) . Basal roots emerge within 2 d of germination (Basu et al., 2007) . Initially resources are made available from the large seed reserves, but as the plant grows competition for internal resources results in trade-offs in resource allocation among different sinks, which can limit root elongation and branching (Rubio and Lynch, 2007) . This competition becomes more evident under nutrient stress where resource availability is very limited. This suggests that the utility of BRWN depends on the optimal placement of roots in different soil depths as determined by RGA and by phenes that affect the sink strength of the root system. The optimal number of basal root whorls may therefore depend on nutrient regimes, and specifically the balance of mobile and immobile resources, as well as other architectural phene states.
Most functional studies of root phenes are conducted by comparing genotypes that vary only in the phene of interest, i.e. nearisophenic lines (Lynch, 2011; York et al., 2013) . Populations of recombinant inbred lines have been used for comparisons and evaluation of phenes in common bean and maize (Lynch, 2013; Chimungu et al., 2014 a, b; Chimungu et al., 2015; Saengwilai et al., 2014a; Miguel et al., 2015; . A recent study used intensive field phenotyping of maize crown roots to identify phenes and phene integration for nitrogen acquisition (York and Lynch, 2015) . Results from simulation studies have successfully predicted the utility of various root phenes as well as phene interactions Lynch, 2010, 2011; York et al., 2013; Postma et al., 2014) . Studies of multiple phene combinations in multiple environmental conditions are a daunting task due to trade-offs among phenes for contrasting soil resources, interaction with other phenes and phene plasticity to environmental conditions (Lynch and Brown, 2012) . In such situations, functional-structural plant modelling has proved to be a valuable tool. Simulation models allow the study of functional utility of specific phenes and their interactions with other phenes in different climates, nutrient availability and soil types (York et al., 2013) .
In this study, we used the functional-structural plant model SimRoot to evaluate the optimal BRWN for soil resource capture and how it is influenced by (1) basal RGA, which influences the depth of the root system, (2) basal root lateral branching density, which influences the sink strength and density of the root system, or (3) HBR formation, which changes the sink strength of the root system and increases shallow soil exploration (Walk et al., 2006) .
METHODS
The functional-structural plant model SimRoot, which has been used successfully to simulate the growth of the bean root system (e.g. Lynch et al., 1997; Rubio et al., 2001; Walk et al., 2006; Lynch, 2010, 2011; Postma et al., 2014) was used in this study. SimRoot is now an open-source platform, OpenSimRoot (Postma et al., 2017) . SimRoot simulates nutrient uptake and resource utilization of a root system in three dimensions over time. The root system simulated by the model comprises roots of distinct root classes. In SimRoot, root architecture is discretized into small (~1 cm) connected root segments. Nutrient uptake by the entire root system is estimated by integrating the nutrient uptake over all root segments. We simulated root system development from germination to 40 d after germination.
Carbon module
Carbon required for growth is derived initially from seed reserves. Initial seed dry weight and an on-demand release function determine carbon availability from seed reserves. The shoot is not simulated geometrically, but is represented by two pools: leaves and stems. Leaf photosynthesis, which becomes the dominant source of carbon after the seedling has been established, is simulated in SimRoot using techniques similar to LINTUL (Spitters and Schapendonk, 1990; Postma and Lynch, 2010) . Allocation of assimilated carbon to the different pools is based on sink strength and priority. The strength of growth sinks in SimRoot is based on potential growth. Maintenance sinks like respiration and root exudates are obligatory costs and prioritized over growth sinks. The shoot has a greater priority over the root for carbon partitioning. In the shoot, leaves and stems receive carbon proportional to their sink strength. Carbon allocated to roots is partitioned between primary and secondary growth. Carbon for primary growth is divided among major axes and fine roots, with the major axes having priority over fine roots. The model includes carbon storage, which increases when available carbon is more than that needed for potential growth. When carbon requirements are not met, this storage acts as an added carbon source until depletion of the storage. Root and shoot growth over time leads to changes in sink strength and resource capture, thereby causing positive and negative feedbacks. The model keeps track of the carbon assimilated and utilized.
We simulated single plants as representatives of an individual plant in a monoculture stand. The light interception function assumed a planting density of 15 plants m −2 and a light extinction coefficient of 0.9. Root competition for soil resources is an emergent property of the model and depends on the placement of roots in different soil domains. In order to simulate root densities relevant to field conditions we used a mirroring boundary condition for the roots at a mid-distance between the simulated and neighbouring plants.
Phosphorus module
Nutrient uptake can be simulated using either the BarberCushman (Itoh and Barber, 1983 ) model or the SWMS_3D (Šimůnek et al., 1995) model in SimRoot. Previous studies have shown that SWMS_3D is better for simulating mobile nutrients while the Barber-Cushman model is better for simulation of immobile nutrients (Postma and Lynch, 2011) . Hence, phosphorus uptake was simulated using the Barber-Cushman model. Since the Barber-Cushman model is a one dimensional radial model, in order to account for inter-root competition the average mid-distance between roots in the vicinity of each root segment was used as the boundary across which nutrient flux is assumed to be zero. As new roots grow in the neighbourhood of existing roots, this mid-distance is adjusted. The initial concentration of nutrients that is available for the new root is corrected for nutrient extraction by existing roots. The kinetic parameters for nutrient uptake were kept constant over time and phosphorus uptake was a function of root class and development only. Phosphorus availability was vertically stratified, with the greatest phosphorus availability in the top 10 cm of the soil. In the low-phosphorus soil, the top 5 cm had 15 µm phosphorus and the 5 cm below this had 7.5 µm phosphorus in the soil nutrient solution. At soil depths >10 cm, 1 µm phosphorus was available. High-phosphorus soil had at all depths 10 times as much phosphorus as low-phosphorus soil.
Nitrate module
SimRoot coupled to SWMS_3D was used for simulation of nitrate uptake (Postma and Lynch, 2011; Dathe et al., 2013) . SWMS_3D simulates water and solute movement in a variably saturated 3-D medium. This program solves the Richards equation for unsaturated water flow numerically and the advection dispersion equation for solute transport. The flow equation includes a term in the Richards equation to include water uptake by plant roots, while nutrient uptake is introduced as a sink term in the solute transport equations. In our simulations, nitrate is initially in the topsoil but leaches to the deeper strata over time with precipitation events. Phosphorus leaching is, however, negligible in the time span of the simulations.
Nutrient stress module
A stress factor is used to reduce the potential leaf area expansion rate for plants under phosphorus stress (Lynch et al., 1991) and photosynthetic efficiency for plants under nitrogen stress (Sinclair and Horie, 1989) . The stress factor is estimated based on the actual uptake and the minimal and optimal nutrient contents of the whole plant. The target nutrient contents of different plant parts are calculated based on the optimal and minimal ratios of nutrient to dry weight.
Phenotypes
We simulated root phenotypes by varying the number of basal root whorls from one to four. The angles attained by roots of each whorl can range from 0 to 90° (from the soil surface). Simulating all the permutations of all the basal whorls with all possible angles would require numerous simulations and hence three representative angles were selected to parameterize the RGA. The factorial combination of four BRWN and three RGAs resulted in 12 phenotypes (3 angles × 4 whorls), which were considered throughout the studies. The number of basal root whorls and the associated angles are given in Table 1 . All the roots in a whorl in a phenotype had the same angle. All of these phenotypes had five HBRs and LRBD of 4 branches cm −1 . The simulations included four levels of BRWN, three levels of RGA, two levels of phosphorus and two levels of nitrate in a factorial design. In order to study the effect of increasing HBRs, the 12 phenotypes were simulated with 0, 10, 20, 30 and 40 HBRs under two levels of phosphorus and two levels of nitrate (42.6 and 213 kg ha −1 ). Two levels of LRBD (2 and 6 branches cm −1 ) were also included in the study. The 12 phenotypes were also evaluated under low and high leaching scenarios simulated by changes in precipitation.
We repeated the runs six times in order to show the variation caused by stochasticity in root growth rates in the model. All simulations were run for 40 d of growth after germination. All simulations were run on the Penn State computational LionXF, LionXG, LionXH or LionXJ clusters (https://rcc.its.psu.edu/ resources/hpc/). The Visualization Toolkit (www.vtk.org) was used for model visualization.
Parameterization
The parameter set, with references, is published in the appendix of Postma and Lynch (2010) . For the present study we used the previously published parameter set, but varied the et al., 2007) . All the basal roots had identical growth parameters. Hypocotyl-borne roots emerged 10 d after germination. Each whorl was assumed to give rise to four roots (Miguel et al., 2013) . Full parameterization is provided in the Supplementary Data (parameterization file).
Validation
To validate the model, we compared the simulated root lengths of six root classes (primary roots, basal roots, HBRs and their respective laterals) of two-and three-whorl phenotypes with measured root lengths of two-and three-whorl genotypes reported by Walk et al. (2006) . The measured data were an independent data set, not used for model parameterization.
RESULTS
An illustration of simulated roots with one, two, three and four whorls in plants with deep, fanned and shallow RGAs is shown in Fig. 1 . The accuracy of simulated root growth was verified by comparing the measured lengths of each root type in plants with two and three whorls with simulated roots. This empirical data set was not used for the parameterization of the model. Simulated phenotypes show good agreement with empirical data (Supplementary Data Fig. S1 ).
The distribution of growth among the different root classes in SimRoot is determined by carbon availability, which is in turn determined by initial seed reserves and shoot photosynthesis (Postma and Lynch, 2010) . Nutrient deficiency reduces shoot growth and photosynthesis, thereby reducing carbon availability. When nutrients and carbon were non-limiting, root length increased with number of whorls. The four-whorled phenotype had the greatest root length. Light-use efficiency of 3.8 × 10 −7 g µmole −1 was used in our simulations. At this level of light-use efficiency, root length increased with increased whorl number but was much less than that under non-limiting carbon conditions. At the level of light-use efficiency used for simulations, the genotypes with greater whorl numbers were carbon-limited. This was seen as the difference in root length in plants simulated with greater carbon fixation and default carbon fixation (Fig. 2) . The three-and four-whorl phenotypes had no nutrient deficiency under high phosphorus + nitrogen. Phenotypes with one and two whorls had slight phosphorus deficiency, the magnitude of which was dependent on the RGA. The stress levels for low phosphorus, low nitrogen, low phosphorus + nitrogen and high phosphorus + nitrogen are depicted in Supplementary Data Figs S2-S4.
Root length in the topsoil increased with increasing whorl number (Fig. 3) . This corresponds to greater phosphorus uptake in phenotypes with greater whorl number (Fig. 4) . Hypocotylborne roots and basal roots contributed substantially to the total root length in the top 10 cm of the soil, corresponding to the region of greatest phosphorus availability in our simulations (Fig. 3) . Among phenotypes varying in angle under a given stress environment, root length differed by 30-40 m. Shallow-angled phenotypes had greater root length in the topsoil than fanned or deep-angled phenotypes (Fig. 3) .
Greater topsoil exploration, however, occurred at the cost of deep soil exploration, resulting in reduced nitrate uptake (Figs 5 and 6). Leaching was enabled in the simulations. The amount of nitrate at different soil depths changes with precipitation events, resulting in nitrate becoming available in deeper soil strata over time. Greater rooting depth as well as root length in different soil strata therefore determines nitrate capture. Phenotypes with greater whorl number had fewer roots at greater depths as well as reduced rooting depth (Fig. 5) . Deep-and fanned-angle phenotypes had greater rooting depth (Fig. 5) and so greater nitrate uptake (Fig. 6 ) than shallow-angled phenotypes. Among deepangled phenotypes, phenotypes with fewer whorls had more roots at greater depth than those with more whorls (Fig. 5) . The rate of nitrate uptake was greater for the deep-and fannedangled phenotypes compared with the shallow-angled phenotype (Fig. 7) . Nitrate uptake by basal roots was much greater than that by the primary root except in shallow one-whorl phenotypes. When the precipitation was half that of the default precipitation, the trends in biomass accumulation were similar to those of the default precipitation (Supplementary Data  Fig. S5 ). The utility of greater rooting depth as caused by deepangled phenotypes with fewer whorls was even more evident in an environment with greater leaching (Supplementary Data  Fig. S6 ).
Biomass is a result of trade-offs in carbon allocation to different root classes and the resulting uptake of limiting nutrients. Phenotypes that are able to optimally acquire different nutrients perform better under combined stress conditions than those that are superior for the acquisition of a single resource. Deep-and fanned-angle phenotypes with three whorls are able to efficiently explore more soil layers and so have the greatest biomass (Fig. 8) . Further increasing whorl number increases competition for available carbon, resulting in reduced shoot biomass, as seen in phenotypes with four whorls (Fig. 8) . The benefit of BRWN is therefore dependent on the carbon status of the plant. When carbon fixation was increased by 20 %, increasing whorl number increased biomass irrespective of RGA. Four-whorled phenotypes had the largest biomass, this optimum being reduced to two whorls when carbon fixation was reduced by 20 % (Supplementary Data Fig. S7 ).
Sink strength is sensitive to variation in LRBD. The LRBD was maintained at 4 branches cm −1 in the previous simulations. When sink strength was reduced by reducing LRBD to 2 branches cm −1 , the biomass in phenotypes under low nitrate availability increased and optimal whorl number increased to four (Supplementary Data Fig. S8 ). When LRBD was increased to 6 branches cm −1 , biomass was reduced when compared with the default LRBD (Supplementary Data Fig. S9 ). The fourwhorl phenotype was much more carbon-limited than phenotypes with fewer whorls, as seen in a drastic reduction in shoot biomass upon increasing sink strength by increasing LRBD. Increasing HBRs enabled greater topsoil exploration but also increased sink strength. Under low phosphorus, increasing the number of HBRs increased biomass. This increase was greatest for phenotypes with fewer basal roots. Increasing the number of HBRs under conditions of limiting nitrate decreased biomass (Fig. 9) .
We conducted sensitivity analyses to determine whether simulation results were sensitive to planting density ( Supplementary  Data Fig. S10 ). Increasing planting density from 15 to 25, 40 or 50 plants m −2 resulted in plants with reduced biomass even under high nitrogen + phosphorus. Biomass was similar for one-, two-and three-whorl phenotypes when greater planting densities were simulated. A further increase in whorl number reduced plant biomass. A greater whorl number was optimal for plants simulated with reduced planting density.
DISCUSSION
This study investigated the utility of axial root phenotypes, focusing on BRWN, for the acquisition of nitrate, the primary mobile nutrient resource, and phosphate, the primary immobile nutrient resource, in contrasting nutrient regimes. Our results confirm that BRWN has important roles in nutrient acquisition, and indicate that the utility of BRWN is affected by interactions with other architectural phenes. Root phenes that enhance topsoil foraging are important for the capture of topsoil resources Lynch, 2011) . Shallow RGA, greater BRWN, more HBRs, greater LRBD and increased root hair length and density can by themselves increase root exploration of the topsoil and increase the capture of topsoil resources Zhu and Lynch, 2004; Zhu et al., 2005) . However, when several phenes are co-expressed, the fitness of integrated root phenotypes is determined by phene interactions and trade-offs (York et al., 2013) . Shallow basal RGA and HBRs explore different regions of soil independently and hence their interaction is synergistic when HBRs increase up to 20 (Walk et al., 2006) . Shallow basal RGA and greater BRWN are also synergistic for phosphorus uptake (Fig. 4) . Trade-offs between basal roots, HBRs and their laterals in phenotypes with greater BRWN, shallow or fanned RGA and more HBRs result in an increase in total root length in the topsoil, leading to increased phosphorus uptake. The result is that, in a low-phosphorus environment, the three-and four-whorl shallow-angled phenotypes and the fourwhorl fanned phenotypes are optimal and have similar fitness for phosphorus uptake.
Shallow RGAs and BRWN >3, however, are antagonistic for biomass accumulation (Fig. 8) . Soil resources are distributed heterogeneously through the soil profile: phosphorus, potassium and ammonium are more abundant in the topsoil and nitrogen can be available in topsoil due to mineralization or continual fertilizer applications or in low-leaching scenarios caused by low precipitation (Dathe et al., 2013) . Water and nitrate are mobile soil resources and are eventually available in deep soil domains (Jobbágy and Jackson, 2001; Di and Cameron, 2002; Lynch and Wojciechowski, 2015) . As the number of axial roots (basal roots or HBRs) increases, the sink strength of the root system increases. The resulting carbon limitation leads to reduced elongation of axial roots (Walk et al., 2006; Postma et al., 2014; Saengwilai et al., 2014b) . This reduces rooting depth, resulting in trade-offs for nitrate acquisition (Fig. 6 ) and growth (Fig. 8) . Reducing root metabolic burden by formation of smaller BRWN, fewer HBRs and/or reduced LRBD can increase root depth and enable better nitrate capture ( Fig. 9 and Supplementary Data Fig. S8 ). The benefit of this increased rooting depth becomes more apparent in leaching environments (Supplementary Data Fig. S6 ). Bean can obtain 20-60 % of its nitrogen requirement by symbiotic nitrogen fixation. Root depth is more important for nitrate uptake in maize and other crops that depend on soil nitrate. Deep roots are also important for water uptake, especially under water limitation (Uga et al., 2013; Lynch and Wojciechowski, 2015) . Trade-offs for water and phosphorus acquisition in shallowand deep-rooted common bean genotypes have been demonstrated by Ho et al. (2004) . Use of multilines with contrasting root architectures can co-optimize capture of shallow and deep resources at the stand level (Henry et al., 2010) . Root architectural differences among crops in traditional polyculture systems facilitate niche complementarity, enabling better resource acquisition and better yields than component monocultures (Postma and Lynch, 2012; Zhang et al., 2014) . Shallow and deep resource capture can also be co-optimized by the use of dimorphic architectural phenotypes (Dunbabin et al., 2003 (Dunbabin et al., , 2004 . Phenotypes with greater BRWN are an example of dimorphic phenotypes. In phenotypes with greater BRWN, lower whorls produce deeper roots while upper whorls develop progressively shallower roots (Miguel et al., 2013) . This increases the vertical range of soil exploration except when basal RGA is shallow. The shallow portions of deep or fanned root systems explore the topsoil, and therefore root length in the topsoil increases along with increased whorl number. This improves plant growth under low phosphorus in phenotypes with deep and fanned RGAs and greater BRWN (Fig. 8) . Greater BRWN phenotypes with fanned growth angles perform consistently well under all scenarios; this phenotype is important when there are limitations in multiple resources with conflicting spatial availability, as well as for capture of mobile resources whose distribution in the soil profile changes with soil type and precipitation dynamically over time (Fig. 8) . These characteristics are also important in circumstances where roots are lost due to herbivory or disease (Miguel et al., 2013) . The main constraint in maintaining greater BRWN is carbon limitation. Our results show that the three-whorled phenotype is optimal under most conditions. The results of the trade-off between phosphorus and nitrate uptake brought about by the trade-offs in length of basal roots and hypocotyl roots and their laterals resulted in the three-whorled phenotype having the greatest growth when both nitrogen and phosphorus were limiting (Fig. 8) . Poorter et al. (2012) in a meta-analysis study showed that around 80 % of biomass is allocated to the shoots in herbaceous species. We relaxed these ratios somewhat as short-term allocation patterns may deviate from long-term patterns, and set the threshold for carbon allocation to shoot growth to a maximum of 85 % of the total carbon allocation for growth, while minima were not set, as severe nutrient deficiency may arrest shoot growth completely and seedlings tend to have greater allocation to roots. This threshold means that, even when nutrients do not limit shoot growth, carbon allocation may do so in strongly source-limited scenarios or in sink-limited scenarios in which the sink strength of the root system is <15 % of the total sink strength of the plant. Source-limitation of shoot growth occurred in the four-whorl, abundant-nutrient scenarios unless carbon fixation rates were increased (Supplementary Data Fig. S7 ). This, along with the finding that the majority of cultivated beans have two or three whorls (Miguel et al., 2013) , suggests that phenotypes with more than three whorls could have better utility when carbon fixation is greater, as expected with increased CO 2 in the environment.
Plants initially derive their required carbon from seed reserves. There is a significant positive correlation between seed weight and the number of whorls in bean genotypes (Vieira et al., 2008) . Hence larger seeds could provide the required greater carbon reserves in plants with greater BRWN. Carbon made available by reducing metabolic costs can increase axial .g ) at low phosphorus, low nitrogen, combined low phosphorus and low nitrogen, and non-limiting nitrogen and phosphorus availability. Lines show results for plants with one, two, three and four whorls with shallow, fanned and deep root growth angles. Error bars show the standard error for six repeated runs, with inter-run variation caused by stochasticity in root growth rates and branching frequency.
root length of HBRs or basal roots. However, the relative benefit of carbon allocation to one class over another depends on the limiting nutrient. For example, drought stress results in reduced allocation to HBRs (Pardales and Yamauchi, 2003) ; however, phosphorus stress results in more HBRs (Miller et al., 2003) . When both stresses occur together, the optimum allocation is determined by the benefits accrued over costs incurred (Ho et al., 2004) . In our simulations, phenotypes with one shallow whorl performed better under combined phosphorus + nitrogen stress than when only nitrate was limited (Fig. 8) . Phosphorus stress results in increased carbon allocation to roots. In shallowangled phenotypes this results in improved phosphorus uptake and growth under phosphorus limitation. This is in agreement with the study of (Postma and Lynch, 2010) , who observed a similar response where phosphorus stress developed early, but as the root system developed uptake rates of phosphorus increased and plants eventually grew out of stress.
Intense competition exists among neighbouring plants for soil resources, and root architecture is a primary factor affecting root competition among plants (Rubio et al., 2003) . In this study, a single plant was modelled, which represented an individual in a monoculture stand. Modelling predicts that competition is greater among plants with similar root architecture Postma and Lynch, 2012) . Relative biomass partitioning to roots may be an expression of a functional equilibrium, and as such may be influenced by competition depending on whether competition for light is greater than that for nutrients. In greenhouse studies with beans, no change in root-to-shoot ratios was found in response to neighbours (Nord et al., 2011) . Competition reduces resource uptake per unit root length and leaf area, i.e. there is less benefit for the same amount of carbon invested. This leads to a decrease in resource capture and reduced relative growth rates in plants grown under greater planting densities. Phenotypes with smaller BRWN perform better at greater planting densities. Phenotypic plasticity is an important factor in resource capture (Zhu et al., 2010; Lynch and Brown, 2012) . Phenotypic plasticity of RGA in response to nitrogen and phosphorus availability exists in some genotypes of common bean and maize (Bonser et al., 1996; Trachsel et al., 2013) . Phenotypic plasticity is not simulated in our models, but there exist trade-offs to plasticity, as evident by the presence of non-plastic genotypes (Bonser et al., 1996; Trachsel et al., 2013) . This study focuses on the common bean root system, but concepts emerging from this study are applicable to root systems of other crops. Basal roots in bean are analogous to crown roots in maize and the mesocotyl-borne roots in maize are homologous with HBRs in dicots (Lynch 2013) . Some dicots do not have basal roots but are dominated by lateral root systems emerging from the primary root. The main difference between bean, which is a dicot root system, and monocot root systems is that new roots (laterals) emerge from already existing roots in dicots, whereas in monocots nodal roots continually emerge over time from shoot nodes near or above the soil surface. These differences suggest that the optimal phene state is likely to be different in different species, but the fitness of the resulting phenotype is likely to depend on the outcome of phene interactions among each other and with the environment.
We have used mechanistic simulation modelling to demonstrate the importance of BRWN and phene interactions in determining nutrient capture. Previous studies have considered the interaction of two phenes (Walk et al., 2006; Postma and Lynch, 2010; York et al., 2013; Miguel et al., 2015) . In this study, the interaction of more than two phenes has been considered for the first time. In silico studies allow evaluation of interaction of several phenes across several environmental scenarios of interest, including scenarios that do not yet exist, such as future climate scenarios (Lynch, 2015) . These experiments, however, require greater computational power and strategies to analyse the resulting complex fitness landscape. The results will be heuristic; however, they will prove invaluable in identifying subsets of cases that warrant empirical evaluation (Lynch and Brown, 2012; York et al., 2013; Lynch, 2015) .
Conclusions
Our study indicates that the utility of a root phene is largely dependent on the expression of other root phenes. The fitness landscape of plant performance against the multi-dimensional array of environmental and internal factors is highly complex. Interactions among phenes in combination with trade-offs due to carbon limitations result in several distinct root architectures with varied fitness in environments varying in nutrient availability. However, plants with different phenotypes can have comparable performance. For example, shallow root phenotypes with two or three basal root whorls and ten HBRs, one or three whorls and greater LRBD, and four whorls with small LRBD had comparable biomass under low phosphorus. Therefore, there is no single optimal architectural phenotype;
there exist multiple optimal root architectural phenotypes for a given environment. In an interesting study with shoot architectures optimized for light capture, reproductive success, mechanical stability and minimizing water loss, Niklas (1994) demonstrated that the number of optimal shoot architectures increases as the number of functions they need to perform increases. In this study we have considered only a few root phenes and have demonstrated that there exists more than one optimal architectural phenotype for a given environment. We hypothesize that when all the identified phenes are considered, under varied environmental conditions the number of optimal phenotypes will be much greater and will provide insight into the mechanisms of phene interactions.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic. oup.com/aob and consist of the following. Figure S1 : validation of simulated data. Figure S2 : nutrient stress as it develops over time. The phenotypes are deep-angled. Figure S3 : nutrient stress as it develops over time. The phenotypes are fannedangled. Figure S4 : nutrient stress as it develops over time. The phenotypes are shallow-angled. Figure S5 : shoot biomass 40 d after germination (d.a.g.) at low phosphorus, low nitrogen, combined low phosphorus and low nitrogen, and non-limiting nitrogen and phosphorus availability. Simulations were conducted with half the default precipitation. Figure S6 : shoot biomass 40 d after germination at low phosphorus, low nitrogen, combined low phosphorus and low nitrogen, and non-limiting nitrogen and phosphorus availability. Simulations were conducted with 1.5 times the default precipitation. Figure S7 : shoot biomass 40 d after germination (d.a.g.) at low phosphorus, low nitrogen, combined low phosphorus and low nitrogen, and nonlimiting nitrogen and phosphorus availability under varying carbon fixation. Roots are fanned-angled. Figure S8 : shoot biomass of plants with lower LRBD 40 d after germination (d.a.g.) at low phosphorus, low nitrogen, combined low phosphorus and low nitrogen, and non-limiting nitrogen and phosphorus availability. Figure S9 : shoot biomass of plants with greater LRBD, 40 d after germination (d.a.g.) at low phosphorus, low nitrogen, combined low phosphorus and low nitrogen, and nonlimiting nitrogen and phosphorus availability. Figure S10 : shoot . Shoot biomass at 40 after germination in plants with one, two, three and four whorls and different numbers of hypocotyl-borne roots at low phosphorus, low nitrogen and combined low phosphorus and low nitrogen availability. The colour scale represents biomass in g per plant. The arrow in the axes indicates the direction of increasing whorl number, HBR or biomass.
